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BIDIRECTIONAL ELECTRON HEAT FLUX EVENTS IN SPACE

S. J. Bame and J. T. Gosling

Los Alamos National Laboratory. Los Alamos NM 87545, USA

INTRODUCTION

During the last three decades much progress has been made toward exploring, and understanding the
plasma environinent of our Earth and solar syvstein. Space satellites and probes have outlined the major
plasma structures and regimes found surrounding Earth and other solar system bodies as well as those
found in iuterplanetary space near the ocliptic plane. Studies of these plasmas have contributed to a more
complete understanding of plasmas in general. including astrophysical and laboratory plasinas. Similarly.
studies of laboratory plasmas and plasma theory have contributed to a more profound underatanding of
the nature of space plasmas, their sources and sinks. processes which contribute to stable plasma regimes
on the one hand. and instabilities that disrupt plasma regimes on the other hand.

In this paper we discuss a number of space plasma phenomena which have been illuminated by a
powerful dingnostic teol provided by tracing heat Hux carried by the solar wind. Measurements of this How
of heat energy from the sun and other hot plasma regions have been employed to inerease our understanding
of the solar wind interzetion with solar system objects. Similarly, anomalies in the heat fhux have helped
te explain unusual plasma entities which are sometimes found in the interplanetary solar wind. The heat
Hux is principally carried by the solar wind eleetrons, sinee they are much more mobile than the ions. The
clectrons conducet iieat ontward from the hot solar corona and in i sense they constitute test particles that
trace ont the varions plhesainan structures found i the solar wind and in the vieinities of bodies immersed in
the siterplaiietary plasma flow,

In the following sestions we hegin by discussing the electron heat flnx which flows outwerd from the
solar corona. This Hux s ordinarily found flowing in one direetion. e it s unidirectional, Sometimes
it is observed counterstreaming, e, it is bidirectional.  In later sections we discuss how detection ol
bidireetional heat Huxes has coninbmted to aomore complete ainderstanding of the Earth's bhow shock, the
how wave at Comet Giacobini - Zitcner. interplanetary plasman stroctures injected into the solnr wind by
solar activity processes, atuld finally polur vain electrons that are found precipitating over the Earth’s noles
but e believed to oviginnte in the hot solar covoaa.

Thix paper is not intended to be comprehensive review of all of the work done in this tield. We rely
principally oa Lox Alamos exnernment vesults to illusteate the bidivectional heat tlux phenomena seleeted

for diseussion, but refer to other vesults as appropriate.



UNIDIRECTIONAL AND BIDIRECTIONAL ELECTRON HEAT FLUXES

It has been knewn for some years that the electron component of the solar wind plasma carries
heat away from the hot solar corona in the form of a heat Hux [Montgomery et al.. 1968]. As depicred
schematically in Figure 1. this outward conduction of heat is a consequence of the fact that the corona,
which contains plasma at temperatures above 108 K. connects to the much cooler outer reaches of the

heliosphere through the interplanetary magnetic field. IMF.

Figure 1 is a highly simvlified representation of the inner heliosphere extending from the sun to beyond
the Earth’s orbit at 1 AU. The figure assumes a solar wind which is flowing radially outward with a uniform
400 km s~! bulk velocity. The flow is shown without high speed streams which emanate from coronal holes
(see. for example. the review by Hundhausen [1977]) or slower lows which develop from coronal streamers
[Gosling et al.. 1981]. Although idealized. this uniform Archimedean spiral configuration illustrates the
general ficld topology governing the unidirectional outHow of heat from ihe hot coron&. Electrons with
cnergy above ~ 80 eV escape from the collective bulk plasma How of electrons and ions near the sun
and propagate relatively freely along the IMF. At these higher energies. the electron coulomb scattering

lengthy are long, comparable to Earth’s orbital distance. At lower energies coilomb seattering constrains
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Fig. 1. Schemanie represemtation of an e \lm-«l inner heliosphere, Rotation of the sun causes the IMI':
lines. pulled ontward by a constant 100 ki~ ' radind solar wind How, to torm an Archinedean s piead
configration. Earth's orbit lies at the vadiis where the spiral angle s 870\ unudireetional heat lux
from the hot coronn earried by eleetrons with energies of - 80 ¢V and higher propagates toward the cold
outer heliosphiere along the tield lines (shown here along one line and at the extremes of the others). In this
simplificd representation varintions in flow speed. which significantly alter the uniforin spiral ¢ onfiguration,
are neglected,



the electrons so that they remain within the collective plasma flow. The higher energy electrons. in effect,

act as test particles tracing out the IMF geometry.

Consequently. as shown in Figure 2(a). solar wind electrons measured in interplanctary space normally
display two distinet veloeity distribution components [Montgomery et al.. 1968]: 1) a cooler compoucent
called the ~core” which contains the bulk of the electron population. and 2) a more tenuous component of
higher temperature electrons. called the ~halo.” The core tends to be nearly 1sotropic and can usually be
well represented by a bi-Maxwellian distribution function from which the standard bulk properties of the
plasma. such as density. speed. and the parallel and perpendicular electron temperature components. can
be derived. On the other hand. the halo -omponent is usually less isotropic. is aligned along the IMF in
the direction pointing outward from the sun. and is composed of coronal electrons carrying the heat Hux
from the hot corona toward the cold outer reaches of the heliosphere. Sometimes the heat flux is broad
and not well distinguished. while at other times it can be very narrow. particularly in high speed streams.
Such a narrow distribution has been termed the “strahl™ by Rosenbauer et al. [1977]. but in this paper we
do not distinguish between the broad and narrow halo distributions and include both under the generic
term “heat Hux.”

Under special conditions. to be discussed in the following sectiors. both ends of the IMF may be
connected to hot sources. resultiag in a bidirectional heat flux. i.c.. heat fluxes Howing in opposite directions
or counterstreaming along the IMF. as shown in Figure 2(b). Experience shows that the oppositely directed
heat Hux distributions need not be svmmetric. They can Lave both unequal widths and unequal Hux
intensities.  In the following sections we give examples of several plasma regimes in which bidirectional

heat Huxes are a prominent feature.
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Fig. 2.(a) Schematie solar wind electron velociry disteibution shown in an isointensity contour represen:
tation. The distribution. as discussed e the text is composed of aninner core which contains most of
the eleetrons and a tenuous hado of higher energy electrons which earries a unidireetional heat flux from
the corona along the IME. The solar wind bulk flow veloeity ix represented by the central dot. (b) A
hidireetional heat ftux distribution ornented along the IMFEF, ‘The forward and backward heat fluxes can
have ditferent intensities and widths,



BIDIRECTIONAL HEAT FLUX AT THE BOW SHOCK

\When a spaceerat is located upstream from the Earth on an IMF line which connects to the bow
shock. bidirectional heat Hux distributions are commonly observed [Ogilvie et al.. 1971: Feldman ¢t al..
1973]. In addition to the usual outward directed heat Hux from the sun’s hot corona. a heat Hux conduering
upstream from the bow shock is observed, This is shown schematicaliy in Figure 3 for an IMF orientation
that includes some examples of field lines connecting to the bow shock and others that do net conect.
U'pstream from the shock on Reld lines which connect to it. solar wind electron distributions exhibit an inner
core distribution and two heat flux components. One component depicted by the open elliptical section
pointed toward the bow shock represents the outward heat fux from the corona while the oppositely
directed and filled-in section represents the backstreaming heat flux from the bow shock. Downstream
from the shock but outside it on these same field lines both heat Hux components are present. but in
this case both are directed to the outer heliosphere. On field lines that do not connect. only the outward

coronal component is observed.
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Fig. 3. Schematie representation of the magnetosphere and bow shock immersed in the solar wind. Eleetron
distributions on IMF lines that are conneeted to the bow shock show a heat flux component from the shock
in addition to the nsual heat thix from the sun. Field lines are not shown in the magnetosheath sinee maost

of them would fall out ot the plane of this projection as they drape around or interconneet with the
magnetosphere,

The IME ar 1 AU is often gquite irvegular with Huetuations in both lield orientation end field intensity
commonly oecurring on virtually all time seales. These irregularitios are eansed by o variety of processes
which shall not coneern us heve: however, beeanse of fluetnations i field orientation. spacecraft conneetions

to the bow shock are usually teansitory. Figure -1 which provides a grev seale time history of eleetron
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Fig. 4. A grav scale time history representation of ISEE 3 solar wind electron anzular distributions with
an energy passband extending from 500 to 958 ¢V measured on Oct. 17, 1982. As indicated by the vertical
bar on the left. gray coding of the angular distributions is related to the log of the measured counts within
+67.5° of the spacecraft equatorial plane. Numbers at the right-inand cdge of the panels refer to the
azimuthal look angle of the measurement. (0° corresponding to the solar direction. The energy passband
shown is dominated by the halo population which carries the electron heat fiux.

angular distributions in an energy passband from 500 to 958 eV measured upstream from the Earth's bow
shock. illustrates the sporadie nature of connections to the shock. Whereas the normal solar wind heat
flux is always present in this interval (producing the more or less steady enbancement running across the
middle of each panel). the baekstreaming Hu ces from the bow shock. which produce enhancements near

+ 1807, are intermittent. No.e that the backstreaming Huxes from the shock in this time interval are also

considerably broader in angle than is the heat flux from the sun.

Early measurements of bidireetional heat fluxes associated with the bow shock were made on spacecraft
in the upstream solar wind relatively near to the bow shock. These measureineuts were made by instrumentis
on OGO S [Ogilete et al., 1971 and IMU 6,5 8 [Feldman et al., 1973: 1975, Later measurements made with
the Max Planck/Lox Alamos fast plasmacexperiment [Bame et al.. 1978a] on il k 2 were also obtained near
the how shock [Feldman et al.. 1983]. NMore vecent measurements [Feldman et al.. 1982] were maae far from
the Earth with the Les Alamos eleetron specteommeter on ISEE S [Bame i al.. 1978b]. A statistica survey
of the interplanetary magnetic field orientaions tnae were associnted with these bidireetional eleetron hemt
huxes observed with ISEE 3 during the pernod Jaouary 200 1979 to Javuary 20, 1980 has been completed
by Stansberry of al.. [1987]. During thas penod the spaceceaft, orhiting the L1 Lagranginn poimt -+ 220

Ry upstream townrd the sun. was sutliciently far from the Facth that it was not usually mngnetieally



. connected to the bow shock. Nevertheless. as noted above. a backstreaming electron hear tiux from rhe
shock was observed at ISEE 3 at times.

The sbservation geometry of the Stansberry et al. study is shown in Figure 5(a). ISEE 3. orbiting
the L1 point. is positioned at a radius r from the Earth. ¢ is the acute angle becween the local IMF
and the spacecraft position vector relative to the Earth. Xgse. Yasg. and Zisg have the conventional
geocentric-solar ecliptic definitions. As shown in Figure 5(b). when the IMF was oriented within 57 ol the
Earth-spacecraft line. backstreamning electrons from the bow shock were clearly observed approximately
18% of the time. perhaps a surprisingiy small fraction for this connection geometry. Sotne connections
apparently ocrurred for angles as large as ~ 30 — 35°. The data indicate that a significant portion of the
bidirectional events icentified with v > 40° should be essigned to a category of events other than bow

shock connections. Perhaps some of these may be related to the coronal mass ejection events discussed in

a later section.
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Fig. 3(a) ISEE G in orbit avound the Sun Farth L Lageoaginn point in relation to the Earth's bow shock
and the interplanetary inagnetic ticld, For a caige of cone angles, &, the field conneets ISEE 3 1o the shoek.
and bidirectiotal elecrron heat uxes can be obsegvad, () Histogram showing the probability of observing
abidirectional eleetron heat thix evens for a given cone angle. v, Bidireetional heat huxes known to be ”!._
interplanetary origin have heen exchuded from vhe datn set, Adapted froin Stansberrs ot al 110RT)



; -l'BIDlRECTIONAL ELECTRON HEAT FLUXES AT COMET GIACOBINI-ZINNER

On September 11, 1985 the International Coinetary Explorer (ICE) spacecraft. formerly ISEE 3.
passed through the coma and developing tail of Comet Giacobini-Zinner. 7800 kmn behind the nucleus. The
Los Alanos plasma electron experiment on board ICE [Bame et al.. 1978b] detected a strong interaction
between he solar wind and the comer [Bame et al.. 1986]. Highly turbulent. hot. and dense plasma

was observed as ICE approached and receded from the central axis of the rail [Gosling et al.. 1986a:

Thom.sen et al.. 1986]. In the central tail a narrow. high-density core of very cold Hlasma was found [Zwickl
et al. 1986 McComas et al.. 1987 in which the interplanetary magnetic field. draped around the comet.
underwent an expected field reversal at a current sheet [Smith et al.. 1986: Slavin et al.. 1986]. No evidence
was found for a conventional. smali srale bow shock separating the interaction zone surrounding the comet
from the solar wind at the ICE intercept points. [nstead. a more gradual transition was observed which

has been called a “bow wave™ [Smith et al.. 1986).

As the spacecraft approached and receded from the region of strong interaction at the comet. episodes
of bidirectional electron heat Huxes were observed in the solar wind. These were initerpreted in the same way
that bicdirectional distributions observed in the vicinity of Earth’s bow shock have been interpreted except
thav at the comet it is not clear whether the bow wave is a bow shock modified by the presence of the much
heavier cometary ions. or some other kind of a transition. Examples of IMF connected and unconnected
clectron distributions are shown in Figure 6. Each distribution was measured during a 3-second spin of
the spaceeraft in which 16 energy sweeps were obtained in 16 azimuthal angle ranges which together cover
360°. The distributions shown in the Hgure plot log connts vs log energy at the 16 azimuth positions.
In the unceanected distribution. measured at 0841:23 UT on September 11, 1985, a clear. upidirectional
heat Hux is present. flowing outward along the interplanetary magnetic ficld. Earlier. at 0826:36 UT. the
spaceeraft was on a lield line that conneeted to the how wave and hot cometary interaction region. This

distribution also displays the central heat Hux of hot electrons from the solar corona. but in addition. at
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Fig. 6. Examples of connected and unconneeted eleetron connting rate distributions obtained in the

upstream region at Comet Gincobini-Zinner. The distributions consist of 16 cuergy speetra taken at
; : ey N - QR

evenly spaeed azimuthal nogles in one spaceeraft spin. From Bame et al. [1986].



course. is the heat Hux Howing back upstream along the IMF from the hot cometary interaction zone.

A number of bidirectional episodes were detected before ICE entered the bow wave region at ~ 1920
UT [Bame et al.. 1986: Fuselier et al.. 1986]. Others were observed after the spacecraft had passed through
the coma and tail of the comet and had re-eutered the solar wind at ~ 1220 UT. Figure 7 shows a plot

of electron parameters during an interval of one hour prior to entry into the bow wave at ~ 0920 I'T.
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Iig. 7. Eleetron parameters from a one-hour period measured while ICE was in the upstream solar wind.
outside of the bow wave in front of the comet. From Bame et al. [1986).

Electron density. n,.. temperature. T.. and bulk How speed. V.. are shown in the top three panels. In the
bottom panels. net heat flux. Q.. and direction of net heat Hux. og,. are plotted. The cross-hatched bars
in the Q. panel show time intervals when the IMF was connected to the solar wind interaction region
surrotinding the nueleus of the comet. At these times the temperature is elevated and the net heat Hux is
reduced. sinee the coronal heat Hux and the cometary heat tlux have similar intensities but are nppositely
directed. The uet heat flux direetion switches from an ontward flow at ~ 315 to a {low inward toward the
sun at ~ 1357 during the time intervals highlighted by the bars sinee the hear Hux escaping from the bow
wive locally exceeds that coming from the <nn.

The single intereept of [CE with the Comet Giacobini-Zinner comi i tail provides only entry and
exit points as the cometary bow wave i~ traversed, Tt is, of course. desirable to extend our knowledge

of the three-dimensional shape of the strong interaction region al the comet. Fortunately, the episodes
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and the comet gas production rate [Fuselier et al.. 1986]. The backstreaming hear fluxes were observed
intermittently in the upstream region as the IMF orientation fluctuated and contact was made and broken
with the bow wave. Assuming that the first and last points of contact during an episode of connecrion
occur when B is tangent to the bow wave surface. the onsets and ends of upstream heat Hux events can
be used to infer the location of this bound: ry. The combination of spacecraft location and magnetic ricld
directions from the vector helium magnetometer carried on ICE [Smith et al.. 1986] for all onsets and ends
determine a set of field lines tangent to the bow wave boundary. This set was used to find the best fit of
an assumed shape. chosen to be a paraboloid of revolution about an axis pointing from the G-Z nucleus
toward the sun.

The best fit shape is shown in Figure 8. along with the calculated points derived from the episodes of
connection. Some of the scatter in the boundary points is thought tn be due to the simplifying assumption
that the magnetic field lines from the spacecraft to the points of tangency are straight. Large amplitude
MHD-like waves with periods of 1-2 minutes were observed in the upstream region [ Tsurutani and Smith.
1986]. so the assumption of straight field lines is somewhat compromised. Inaccuracies caused by this effect
were minimized by using one minute averaged magnetic field data.

Assuming that a shock exists at the subsolar standoff point. the calculated subsolar standoff distance
of 4 x 10% km was used to estimate a gas production rate of the comr:t (<ce Fuselier et al. [1980] for details).

The computed rate was 3 x 1028 mol/s which is in reasonable accord with estimates from ground-based

observations.
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Fig. 8. Location of the cometary bow wave determined from the backstreaming heat Hux events. The
smooth curve is the best-tit shape of an assumed paraboloid of revolution fitted to the individual points
determined from 18 inbound and 7 outbound events. The ICE intercept frajectory projected into the X-7
plane is shown. From Fuselier et al. [1986].
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On occasion solar wind electrons with energies greater than about 830 eV are observed to be collimated

both parallel and antiparallel to the IMF even when a spacecraft clearly is not magnetically connected to

the Earth's bow shock. An example of such an interplanetary event can be seen in Figure 9 which displays
grey scale-coded clectron count rate angular distributions from ISEE 3 in an energy passband extending
from 137 to 362 ¢V as a function of time on Nov. 24 and 25. 1978. The unidirectional beam prior ro
2000 UT on November 24 and after ~1700 UT on November 25 is the usual solar wind electvon heat Hux:
rhanges in the beam azimuth as a function of time correspond to changes in the azimuth of the IMF. (From
~1000 UT until ~1200 UT on Novemter 25 the IMF was tilted strongly out of the ecliptic in such a manner
that the IMF and clectron heat Hux were not centered within the £67.3° acceptance fan of the ISEE 3
electron analyzer.) Beginning at ~2000 UT on November 24 and continuing until ~0915 UT on November
25 two counterstreaming beams of electrons were observed which constitute a bidirectional electron heat
flux event. Note that the counterstreaming beams were of comparable. although not necessarily equal.

intensity.

180

. 180

- 180

Fig. 9. A grey seale representation of measured solar wind eleetron angular distributions within wn energy
passhand extending from 137 to 362 ¢V on November 24 25, 1978, As indicated by the vertical bar on the
left. grey scale coding of the angular distributions is related to the log of the number of counts measured
within £67.5" of the spaceeraft equatorial plane. Nambers at the right-hand edge of the panels refer 1o the
azimuthal look angle of the measurement. 07 corresponding to the solar direetion. The energy passband
shown is dominated by the halo population which carries the electron heat fiux. Note the onset of an
intense bidirectional beat thix event at - 2000 UT on November 24, 1978, Adapted from (Costing et al.
(1987).



displayed in Figure 9 are observed about 3 times per month [Goasling et al.. 1987]. Event durations range
from less than one hour to greater thian 40 hours: however. the 13-hour duration of the November 24 25
event is representative of the majority and corresponds to a structure with a spatial width or thickness
of ~0.13 astronomical units. AU. The onset of electron bidirectionality usuallv signals spaceeraft entry
into a distinct plasma and field eatity. most often characterized by anomalously low proton and clectron
temperatures. a strong. smoothly varving magnetic field. a low plasma beta. and a high total pressure.
About half of all events exhibit abnormally high helium abundances (Het~/H*). Often entry to and/or
exit from a bidirectional event is marked by a field rotation discontinuity. and. at times. the field internal
to the event rotates through approximately 180° (such a rotation was absent in the November 24 -25. 1978

event shown in Figure 9).

The above plasma and field signatures provide information concerning the origin of interplanetary
bidirectional heat Hux events. However. perhaps the best clue to their origin is their strong association
with interplanetary shocks le.g.. Montgomery et al.. 1974: Bame et al.. 1981: Zwickl et al.. 1983: (sosling
et al.. 1987): statistical studies reveal that approximately half of all interplanctary bidirectional events are
preceded by shocks and that approximately halfl of all interplanetary shacks are followed within ~24 hours
by one or more bidirectional electron heat flux events. Figure 10 illustrates this association for the major

shock disturbance of November 12 13. 1978 [Bame et al.. 1981]. Shock pissage can be distinguished in the

verticallv stacked ion energy/charge (E/q) spectra on the left-hand side of the figure by the broadening
of the spectra and the shift to higher E/q values at ~0028 UT on November 12, Apnroximately 17 hours
later the spaceeraft entered a plasma regitue characterized by a low ion temperature (narrow spectral
peaks). a high helinm abundance (large second peak). a moderately strong and steady IMF (not shown).
and a strong bidirectional electron heat Hux aligned with the INMEF (right-hand panel). Importantly. in
view of the interpretation to follow. this plasma was flowing faster (peak E/q value higher) than the
ambient plasma ahead of the shock. A representative snapshot of contours of the 2-ditmensional electron
velocity distribution during the interval of intense bidirectional sireaming is shown in Figure 11. The
oppositely directed suprathermal tails of the distribution during this interval are in marked contrast to the

unidirectional heat Hux signature normally observed.

Av noted above, approximately half of all observed interplanetary bidireetional heat flux events have
similar associntions with interplanerary <hocks. Delay times from shoek pisisage to the onset of electron
bidirectionality in these events s variable. bhut a tyvpieal delay is - 13 hours. corresponding to an average
spatinl separation of ~0.15 AU Bulk plasima Hows within these shock-associnted bidirectional events are

almost al vays substant Ldly faster than are the ambient solar wind flows aliend of the shocks. By way of
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Fig. 10. On the left. a vertically stacked time series of one-dimensional solar wind ion E/q spectra obtained
in the solar wind on November 11 13. 1978. Tic marks on the left denote factors of 10 differences in count
rate. On the right. a time series of solar wind electron angular distributions imtegrated over vm-rgio.n groater
than 100 eV, 0° iewing corresponds to detector viewing toward the sun. Tice marks on the left denote
fnctors of 10 ditferences in count rate. Adapted from Bame et al. [1981].

contrust. for bidirectional events which are not shock-associated. bulk How speeds are generally comparable
to or slawer than that of the ambient plasmin nhead, Indeed. relative low speed between the plasma within
a bidirectional event and the ambient plasna ahead is the feature which best distinguishes events which
are shock-nssociated from those which are not [Gosling et al.. 1987]. 1t is thus reasonable to suggest that
(1) all (or at least most) interplaactary bidireetional events aave similar solar origine. and (2} it is the
refative speed between the bulk flows within sueh events and the ambient plasma abhend which determines

whether or not a sho-k forms,

It has long been believed that most <hock waves in the solar wind at 1 AU are a consequence of
solar activity. e, solar ares, eruptive prominences, and that this activity must inelude the ejection of

a signifiennt mase (10 10" gmg) of material into the interplanetary medinm [¢.&.. Hundhausen, 1972].
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Fig. 11. Contours of a two-dimensional electron velocity distribution moasured on November 12. 1978,
Adjacent isointensity contours differ by a factor of 0.5 in log f. where f is phase space density.

Numerous studies relating interplanctary shocks observed at and inside of the Earth’s oroit (1 AU) to

observations of c.-onal mass ojections (CMEs) observed with orbiting coronagraphs (sce. for example.
the review by Schwenn [1986]) contirm this suggestion. Although C"MEs with a wide rauge of speeds are

observed [e.g.. Goaling et al.. 1976 Howard et al.. 1985]. only the fastest CMEs produce interplanetary

shocks (e... Sheeley et al., 1985].

Civen the above associations. it should be elear that a bidirectional electron heat flux is one of the
more prominent signatures of a CME in the solar wind ar 1 AU Figure 12 illustrates two possible ways
the electron heat Hux bidirectionality might arise in such events. It is geneially believed that a CME
represents the ejection of material into imterplanetary space from regions in the corona llml- were not
previously participating in the solar wind expansion. That is. the materiid there is on elosed magnetie field
lines which. owing to the high electrical conduetivity of the plasma. are deagged outward from the sun with
the cjectin, In the model illusteated in the upper portion of the tigure these lield {ines disconneet from the
sun to form an cutward propagating plasmoid. while in the model illustrated in the hottom portion the
field lines retain their connection to the sun and form a “magnetic bottle.” In both models the bidireetional
heat Hlux results initinlly beeanse both ends of the magnetc loop are connected direetly to the hot inner
cotona close 1o the sun, This, of conrse. 1= mcontrast to the ambient solar wind expansion where tield lines
are “open.” being connected at one end to the sun and at the other end to the outer heliospiwere. In the
reconnection (plasmoid) model the coaumtersireaming heat flux becomes trapped within the plasmoid as it

disconneets from the sun, In either model a shock forms in front of the CMIS only if the ejection apeed
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Fig. 12. Possible magnetic topologies associated with coronal mass ejections (CMEs) in the solar wind.
In the upper example the C"ME has disconnected magnetically from the sun to form .« closed. detached
plasmoid. In the bottom example the CME retains its magnetic connection to the sun 1o form a magnetic
bottle. In either case the bidirectional electron heat flux results initially because both ends of the field
lines are connected to the hot inner corona. A shock forms in front of the ("ME only when the CME speed
sufficiently exceeds the speed of the ambient plasma ahead.

sutficiently exeeeds that of the ambient solar wind.

BIDIRECTIONAL ELECTRON HEAT FLUXES AND HEMISPHERICALLY
SYMMETRIC POLAR RAIN

Although one normally thinks of the Earth as being shielded from direet contact with the solar
wind by its extensive magnetosphere. there is considerable evidence that the solar wind electron heat
lux commonly penetrates to ve.y low altitudes in the Earth’s poiar cap regions. The evidence comes
in the form of precipitating eleetrons with energies greater than about 100 ¢V which are poesent almost
continnously at the top of the Earth's atmosphere in one or the other of the polar regions, but usually not
both simultancously. This precipitation is known as polar rnin [ Winnisigham ana Heikkila, 1974). and it has
long been recognized that the asynunetry hetween the precipitation in the ditferent polar caps is strongly
correlnted with the polarity of the IMF (e.g.. Fennell et al.. 197... Meng and Krochl, 1977). Whea the IMF
i direeted ontward from the sun along the nominal Archimedenn spiral. polar rain occurs predomiaantly

in the northern polar cap. and when it points inward toward the sun. polar rain oceurs predomin wtly in
the southern polar cap.

The connection between the solar wind eleetron heat thux and polar cain can be understood if (1) mg



...... ven e B L UGS Vap@ AIT UPCH LU BICTPIICLALY DPRCC BRI (2] il Previousty noted. the
2 80 eV electrons which carry the solar wind heat flux behave largely like test particles and thus travel
relatively freely along these open iield lines from the solar wind down to the polar caps. The “open”
character of polar cap tield lines is. of course. a consequence of the fact that feld lines in the polar cap are
magnetospheric field lines that originally become interconnected to the IMF at the dayside magneropanse
and are subsequently dragged into the geomagaetic tail lobes by the flow of the solar wind past the Earth

[e.g.. Crookei 1977

Figure 13 illustrates the origin of the usual asvmmetry of the polar rain precipitation in the different
polar caps. Depending on the polarity of the IMF. usually only one of the polar cops is magnetically
connected to the sun. the other polar cap being magnetically connected to the outer heliosphere. Thus,
when the IMF is directed outward from the sun (upper panel) tne clectron heat Hux streams into the
northern polar cap. and when the IMF is directed in toward the sun (lower panel) the electron heat flux

streains into the southern polar cap.

Fig, 13, Schematie drawings illustrating the interconnection of the terrestrial field with the IMF for an
outward direeted IMF (upper panel) and aninward divected IMF (lower panel). In the former case the

solar wind eleetron heat finx is directed into the northern tail lobe and polar cap. and in the later i i
directed into the southern tail lobe and polar cap.

[t s worth noting that only those heat Hiux electrons travelling nearly parallel 1o the tield are able
to penetrite to low altitndes to produce polar tain the remainder of the eleetrons are mirrored hy the
inereasingly stronger mingnetie field at lower altitndes and return outward 1o interplanetary space. Thus,
counterstreaming electron hixes are commonly observed i one or the other of the tail lobes [Farrfield and

Sewdder. 1985 Baker ot al., 1986). The doectional fluxes observed there should comain ficld-nligned



loss cones in the return (tailward) direction owing to the loss of particles which actually preeipitate in the
upper atmosphere. However. such loss cones should be quite narrow (1° 2°) and are ditficult to detecr

with present instrumentation.

On oceasion satellites in low Earth orbit have detected polar rain events where the Hux of electrons
is simultancously nearly the same in both polar caps [Makita and Meng. 1987]. Such everts are known as
hemispherically svmmetric polar rain ro contrast them with the asvmmetric precipitation which generally
prevails. Hemispherically svmmetrie Holar rain events have typical durations of ~10 hours. oceur about
once per month on the average. and often occur within 24 hours after the Earth passage of interplanetary

shocks.

Figure 14 relates the timing of one such hemispherically symmetrie polar rain event to interplanetary
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Fig. 11, Solar wind proton parameters measured in the March 22 244, 1979 interval. From top to bottom
the quantities plotted are the bulk flow speed. the log of the density. and the log of the temperature. The
solid horizontal bars beneath the speed profile indicate observed CMEx (bidirectional electron heat flux
events) while the hatched bar beneath the speed profile denotes the time of n hemispherieally symmetrie
polar rain event at Farth, The civeled + avd - beneath the solid horizontal bars denote the predominam
sign of the out-ol-the-ecliptic component of the IMEF (that is. the sign of 13.) during the bidireetional
events, Irom Gosling ef al. [19RGh.

conditions as measured by ISEE 3 236 Ry upsteeaun from Earth [Gosting et al.. 1986H]. .\ strong,
interplanetary shock passed the spaceeraft @0 O7TAR U7 on Mareh 22, 1979, giving rise to the discontinuons
jumpsin proton bulk flow speed. density, and temperntare observed at that time. N strong bidireetional

clectron heat flux event was deteeted following the shoek beginning at 2030 U1 on Mareh 22 and persisting



unti ~uy 1V U 1 on the tollowing day. A second bidirectional event was encountered beginning ar 1713 CT
on March 23 and lasting until ~0215 UT on March 24. Both of these interplanetary ovents are indicated
by the solid bars beneath the speed protile in the top panel of Figure 14. The first of these two evenrs is

undoubtedly the C"ME driving the shock.

An intense hemispherically symmetric polar rain event {nearly equal Auxes of precipitating clectrons in
both polar caps) began at ~ 2200 UT on March 22 and lasted until ~ 1000 UT the next day. This interval
is indicated by the hatched bar beneath the speed profile in Figure 14. The relative timing between this
polar cap event and the first of the interplanetary bidirectional events clearly indicates a causal association
between the two phenomena. the lag between the interplanctary event and the polar cap event being
related to the plasma travel time from the spacecraft to the Earth and to the finite time required for newly

interconnected field lines to occupy a substantial fraction of the polar cap.

Despite the excellent correlation between the first interplanetary event and a hemispherically sym-
metric polar rain event. we note that the second interval of bidirectional streaming electrons apparently
did not produce hemispherically symmetric polar rain. A major difference between the two interplaneti.cy
events was the sense of the tilt of the IMF relative to the ccliptic plane. In the first case the field was
tipped primarilv southward. while it pointed primarily northward during the second event. Thus the IMF
orientation was favorable for dayside reconnection at the Earth’s magnetopause {oppositely directed IMF
and terrestrial tield) in the first event, but was unfavorable during the <econd event. That is, interconnce-
tion beiween the Earth's field and the IMF is a necessary condition for the production of hemispherically

svimmetric polar rain when a bidizectional electron heat Hux is present in interplanetary space.

Figure 1) illustrates the corresponclence between all of the hemispherically svmmetrie polar rain events
reported to date by Makita and Meng [1987] and interplanetary bidirectional heat flux events, Although the
timing between these relatively rare phenomenn is seldom as simple a8 in the March 22, 1979, evems, there
ean be dittle question but that the bidireetional eleetron heat flux events are the sourcee of hemispherically

symumetrie polar rain. This also demonstrates bevond doubt that the normal solar wind electron hear tiux

iv the zource of the more usual asyimmelrie polar rain.

FFigure "6 provides a sketeh, not to seale. of what we believe is the appropriate geometry of the Farth's
lield and the loeal IMF during the events we have been discussing. Hemispherically svmmetrie polar rain
ocenrs when the loeal IME has the form of either a elosed loop. as dreawn in the figure, or o magnetice
hottle root-d at hoth ends in the sun (see bottom panel of Figure 12). Note that, in contrast to the usuoal
situation where only one of the polar caps is magnetically connected 1o the sure (see Figuee L3, we infer
that during hemispherieally syminetrie polar rain events either beth polar caps are conneeted to the sun

or. a8 drawn in Figure 16, neither polar cap is conneeted to it
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Fig. 15. Bar chart indicating the observed temporal relationship between all reported hemispherically
svmmetric polar rain events |Makita and Meng. 1987] and bidirectional electron heat Hux events observed
at ISEE 3 approximately 230 Rg unstream. For each example the interplanetary event is above and the
polar cap event iy below. The events are aligned vertically so that the onsets of all the polar cap events
fall near the middle of the graph. Note that a bidirectioual electron heat Hux event was observed for all
of the hemispherically “ymmetric polar rain events. and that for all events but one (30. 31 Oct. 1978)
the interplanetary event started prior to the terrestrial event. The strong association demonstrated here
bet'ween hewe two relatively rare and bridf pnenomena demonstrates that (1) the solar wind eleetron heat
Hux is the primary source of polar rain and (2) in particular. a bidirectional electron heat Hux in the
solar wind is responsible for hemispherically symmetrie polar rain. Adapted fre 1 a table in Gosting et al.
[1986h).

INTERPLANETARY
SHOCK

O BIOIRECTIONAL
SUN HEAT FLUX

CLOSED
MAGNETIC LOOP

Fig. 16. Sehematie illustration of the pos<ible interconnection hetween the TME and the terrestrial tield
during n hemispherieally symmetrie polar run event. Although the interplanetary shock (Irnw.n .is not
exsentind aspect of the interconnection, such <hocks often forun in front of the faster CMES (bidireetional
heat flux events). From Gosling et al. [1906b).
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The solar corona is much hotter than the vacuum of interplanetary space and. as a result, heat Hows
from the sun to the oter reaches of the heliosphere. in the solar wind the heat flux is transported
primarily by the electrons. which are more mobile than the ions. Measurements reveal that this hear Hux
is carried primarily by eleetrons with energies above ~30 eV and is directed outward from the sun along
the interplanetary magnetic field.

Occasionally a bidirectional electron heat lux is observed in interplanetary space. These vidirectional
Huxes usually signal either magnetic connection to an additional hot source such as a planetary bow shock
or cometary bow wave or spacecraft entry into a coronal mass ejection. In the former case the occurrence
of bidirectionality can. & ng other things. be used to infer the overall shape of the bow shock or bow
wave, while in the latter case the bidirectionality cin be used to infer the ¢losed magnetic topology of the
("'ME.

Owing to the open nature of the magnetic field in the Earth's polar cap regions and the very high
mobility ol the clectrons which carry the solar wind heat Hux. a portion of the solar wind heat Hux
commonly penetrates to low altitudes to produce the precipitation known as polar rain. Intervals when
polar rain is observed with nearly equal intensity in both polar cays correspond to times when the Earth
is immersed within a CME at 1 AU and the solar wind electron heat flux is bidirectional. At such times
both of the Earth's polar ¢aps are either magnetically connected to the san or are connected to a closed

magnetic loop (plasmoid) which is entirely disconnected from the sun.
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